Abstract The objective of this study was to investigate the effects of low-grade inflammation on age-related changes in glomerular filtration rate (GFR) in middleaged and older white Americans, African-Americans, and Japanese adults. Serum creatinine, C-reactive protein (CRP), and interleukin-6 (IL-6) levels were determined for 1570 adult participants in two surveys of aging in the USA and Japan (N = 1188 and 382, respectively). Kidney function declined with age in both countries and was associated with IL-6 and CRP. IL-6 and CRP also influenced the extent of the arithmetic bias when calculating the GFR using the chronic kidney disease epidemiology (CKD-EPI) formula with just serum creatinine. Younger African-Americans initially had the highest GFR but showed a steep age-related decrement that was associated with elevated inflammation. Japanese adults had the lowest average GFR but evinced a large effect of increased inflammatory activity when over 70 years of age. Importantly, our results also indicate that low-grade inflammation is important to consider when evaluating kidney function solely from serum creatinine.
Kidney function is not typically assessed in surveys of population health or in most gerontology research, even though it is a known biomarker of aging, which is associated with other illnesses, including diabetes and cardiovascular disease (Safar et al. 2014) . Poor renal function has also been linked with fatigue, anxiety, and impaired cognitive performance and thus is of relevance to behavioral medicine research with the elderly (Artom et al. 2014; Dalui et al. 2014; Silverwood et al. 2014) .
Glomerular filtration rate (GFR) declines progressively with age by about 1 mL/min per year (Stevens et al. 2006) . However, this decrease in the elderly is variable, with some retaining effective kidney clearance rates and others progressing to kidney disease, which then impacts quality of life and increases overall morbidity and mortality (Bonner et al. 2013 ). Hypertension and type 2 diabetes, as well as other inflammatory disorders, are known to exacerbate age-related changes in renal function (Mallappallil et al. 2014 ). Our analyses evaluated population variation in kidney function in middle-aged and older adults in the USA and Japan, and its association with low-grade inflammation, based on elevated interleukin-6 (IL-6) and Creactive protein (CRP).
The populations of both the USA and Japan are aging. The percent of Americans over 65 years of age is expected to be 20 % by 2050 (Weiner and Tilly 2002) , a proportion already reached in Japan, with 24 % older than 65 years (Nitta et al. 2013) . The prevalence of chronic kidney disease (CKD) in Japan is 13 %, and it has the second highest prevalence of end-stage renal disease (ESRD) in the world (Imai et al. 2009; Yamagata et al. 2014) . CKD is also common in the USA at 11 % (Coresh et al. 2007) , with the USA ranked third in world for ESRD. Thus, it is of importance to investigate early indicators of declining kidney health before the emergence of clinical dysfunction and to determine if there are significant racial differences in the association between inflammation and kidney function. Race differences in kidney function have been described between white Americans and African-Americans, and kidney disease is more prevalent among older African-Americans (Kramer et al. 2008) . Differences in GFR and serum creatinine between Americans and Japanese have not been examined as systematically. However, one can anticipate some national differences, given known differences in pro-inflammatory physiology and cardiovascular disease across these two populations (Coe et al. 2011) , which are likely to impact kidney function. Specifically, our analyses focused on IL-6, a pro-inflammatory cytokine readily measured in blood and known to affect renal function, and CRP, a commonly employed test in the clinical setting, because both indices have been associated with a reduced GFR and kidney disease (Sinha et al. 2014; Tbahriti et al. 2013; Gupta et al. 2012) .
Many different methods are available to assess kidney function, and the less invasive ones that rely on creatinine clearance tend to be employed by primary care physicians. A number of formulas have been derived to estimate kidney clearance on the basis of serum creatinine levels, after taking age, gender, and race into consideration. However, these estimates are approximations that can be influenced and compromised by many factors. Therefore, our analyses determined the degree to which an individual's IL-6 and CRP levels may be indicative of a potential bias in the estimates of kidney function when quantified from just serum creatinine. The magnitude of this discrepancy was possible to calculate because both serum and urinary creatinine levels were determined for all American participants. It also provided the opportunity to assess if inflammatory physiology differentially affected GFR estimates in AfricanAmericans and white Americans.
Methods

Participants
The Japanese participants (N = 382) were a subset (37 %) from a larger number of randomly selected, middle-and older-aged adults who were recruited in 2008 to represent the 23 residential wards of Tokyo. All respondents in the Midlife in Japan project (MIDJA) completed demographic questionnaires, and 382 provided blood specimens at a medical clinic near the University of Tokyo. Mean age was 54.2 years (±14.1 years, 32-79 years of age), and 73 % were married. Age, gender composition, marital status, and education attainment did not differ significantly between this subset of biomarker participants and the larger survey cohort.
Their kidney function was compared with 1188 participants in the Midlife in the United States project (MIDUS). MIDUS had begun in 1995-1996 as a national probability sample of 7108 adults (Radler and Ryff 2010) . Participants were recruited via random telephone dialing in the contiguous USA, and 48 states are represented in the current biological data collection (Radler 2014) . At the time of this assessment between 2004 and 2008, they were 35-86 years of age. Specimens were collected in a controlled manner while participants spent the night at one of three Clinical and Translational Research Centers (CTRC), located in the Midwest or on the east and west coasts. Those providing blood and urine were similar to the larger study sample with respect to age, gender, and marital status, but likely to be more educated (although 25 % still had attained only a high school degree and 50 % had not completed college) (Love et al. 2010) . To increase the representation of African-American participants in MIDUS, a cityspecific sample from Milwaukee, WI, had been added to the survey in 2004. The current analyses of kidney function are based on 225 African-American and 963 white Americans (after excluding 11 participants with incomplete data, 3 African-Americans and 8 white Americans).
Specimen collections were approved by the Health Sciences Institutional Review Board at the University of Wisconsin-Madison, as well as by IRBs at the University of California Los Angeles and Georgetown University. A comparable review at the University of Tokyo approved the MIDJA protocols. All participants provided informed consent.
Procedures
Blood samples were collected between 0900 and 1145 for over 95 % of MIDJA participants and between 0500 and 0700 for all MIDUS participants. Urine creatinine was also determined for all MIDUS participants by having the CTRC nurses collect and refrigerate all voids from 1900 to 0700. Creatinine was determined via colorimetric assay (Meriter Lab, Madison, WI) . Serum IL-6 was quantitated in duplicate with an enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, MN). Serum CRP for both the American and Japanese was determined by immunonephelometric assay at the same laboratory.
Covariates Each participant's height and weight was measured, from which the body mass index was calculated (BMI = weight/height 2 ) and used as a covariate in the analyses. Sitting blood pressure was also determined, and systolic blood pressure used as a covariate because of the known influence of hypertension on kidney function. Finally, to take into account potential effects of type 2 diabetes on renal findings, glycosylated hemoglobin (HA1c) was also included as a covariate. For MIDUS participants, HA1c was determined by turbidimetric immunoinhibition assay at a local clinical laboratory (Meriter Lab). Because HA1c has to be determined on fresh, whole blood, for the Japanese it was determined in Tokyo by Syowa Medical Science, but an algorithm was employed to generate comparable values with the US. Based on physician-diagnosed diabetes and HA1c values over 6.5 % (>48 mmol/mol), the prevalence of poor glycemic control was 7 % for the Japanese, 14 % for white Americans, and 37 % for African-Americans.
Data analytic strategy
The data were analyzed using linear and logistic regression models. To limit the influence of outlier values, a small number of extremely high values outside the third standard deviation of the distribution were removed before all values were log transformed following the statistical recommendations of Tukey and Winsor (Hasings et al. 1947) . Race was coded with three levels, and white Americans designated as the reference group. Racial identity in MIDUS was determined from selfreport, and only participants who identified as AfricanAmerican or white were included. Forty-six participants from the original sample were excluded because they reported a race other than white or African-American, or were of mixed racial backgrounds. All participants in MIDJA were Japanese. Age was treated as a continuous variable in the analyses, although for illustrative purposes, it is portrayed in some tables and graphs as three age categories (<49, 50-64, 65+ years of age).
Because urine samples were available only for MIDUS participants, the GFR values for the country comparisons were calculated using the chronic kidney disease epidemiology collaboration (CKD-EPI) formula, which adjusts serum creatinine for expected differences due to age, gender, and race (Levey et al. 2009 ). The GFR for the Japanese was calculated using the Japanese coefficient-modified CKD-EPI Study equation (Horio et al. 2010) . For the additional GFR analyses in American participants, which were based both on serum and urine creatinine, clearance was adjusted for body surface area (Mosteller 1987) . Table 1 provides descriptive statistics for the Japanese and American participants. Although there was a small difference in mean age, the age ranges of the three racial groups were comparable. As expected, there were large and significant differences in the BMIs between Japan and the USA, and significant differences in the two inflammatory measures, CRP and IL-6. The mean CKD-EPI values also differed significantly by race: highest in AfricanAmericans and lowest in Japanese participants.
Results
Descriptive summary
The majority of participants had a GFR over 60, indicating healthy or in some cases abnormally high filtration. Some did have a GFR below 60, providing a possible indication of low rates of undiagnosed kidney disease (African-American, N = 20, 8.6 %; white, N = 59, 6.1 %; Japanese, N = 31, 8.1 %). The differences in the prevalence of stages 3, 4, and 5 CKD, as defined by a low GFR, did not differ by ethnicity or race.
When not considering race, the main effect of increasing age was significant across all three racial groups, b = −0.77, t(1557) = −19.35, p < 0.01. However, there was also a significant interaction between age and gender, b = 0.23, t(1557) = 3.01, p < 0.01, indicating that the age-related decrement in kidney function was larger for women. The decline associated with aging was also more prominent in African-Americans than white Americans, b = −0.56, t(1557) = −1.67, p < 0.01.
Effect of age
The three-way interaction between age, race, and gender on CKD-EPI values was tested by linear regression, with BMI, systolic blood pressure, and HA1c as covariates. These three covariates were included because both obesity and type 2 diabetes were more prevalent among Americans, and our aim was to discern national and agerelated differences beyond the influence of these factors known to affect kidney function. Figure 1 shows the effects of age on the unadjusted marginal means of CKD-EPI for each racial group. The contrast between African-Americans and white Americans was significant, b = 5.74, t(1556) = 4.85, p < 0.01, indicative of the higher overall GFR for African-Americans, especially in the younger adults. Conversely, the CKD-EPI for Japanese was significantly lower than that for Americans, including for both African-American, b = 14.46, t(1556) = 10.31, p < 0.01, and white participants, b = −8.75, t(1556) = −9.30, p < 0.01.
IL-6 and CRP
The relationship of IL-6 and CRP to the age decrement in CKD-EPI values was tested by linear regression, including the two-way interaction between age and each biomarker, and using BMI, systolic BP, and HA1c as covariates. Figure 2 shows the influence of higher levels of IL-6 and CRP on CKD-EPI in three age categories ( y o u n g e r = 3 5 -4 9 ; m i d d l e -a g e d = 5 0 -6 4 ; older = 65 years and older). The simple effect of IL-6 on CKD-EPI in young adults below age 49 was significant, b = 2.83, t(1609) = 2.21, p = 0.03, indicating that the CKD-EPI was higher by 2.83 points for every 1-point increase in IL-6 (log pg/L). The simple effect of IL-6 on CKD-EPI in middle-aged adults was not significant, t(1609) = 0.13, p = 0.90. In contrast, the effect of IL-6 on CKD-EPI for adults older than 65 years reemerged as significant, b = −4.33, t(1609) = −3.12, p < 0.01, but now in the opposite direction. In these older adults, the CKD-EPI decreased by 4.33 points for every 1-point increase in IL-6 (log pg/L).
We found a similar biphasic influence of age on the relationship between CRP and CKD-EPI values, b = −0.18, t(1605) = −3.44, p < 0.01. In the younger adults, the effect of CRP on CKD-EPI was positive and statistically significant. In the middle-aged adults, the augmented influence of higher CRP was still present and significant, b = 1.65, t(1605) = 2.09, p < 0.05. However in older adults over 65 years, the effect of high CRP was negative, b = −2.71, t(1605) = −1.95, p = 0.051. Considering the total age span we evaluated, the general effect of CRP on CKD-EPI was an annual decrease of 0.18 points for each year of age. The two-way interactions examining how IL-6 or CRP differentially affected CKD-EPI in each race were then tested with linear regression, including BMI, systolic BP, and HA1c as covariates. Figure 3 shows the Fig. 1 Significant age-related declines in renal function (CKD-EPI), illustrated for Japanese and American adults in three age categories. Portrayed separately for males and females Fig. 2 Significant differences in how CKD-EPI was associated with low-grade inflammation in younger adults and in those over 65 years of age, averaged across American and Japanese participants. Among younger adults, high CRP and IL-6 were correlated with an elevated CKD-EPI, whereas higher IL-6 resulted in a lower CKD-EPI in older adults influence of higher levels of IL-6 and CRP on the CKD-EPI values in American and Japanese. Among Americans, the negative relationship between high IL-6 and CKD-EPI was significantly greater for AfricanAmericans as compared to white Americans, b = −8.37, t(1562) = −2.22, p = 0.03. The magnitude of the negative influence of higher IL-6 was similar for white Americans and Japanese and thus not significantly different, b = −0.79, t(1562) = −0.27, p = 0.78. The influence of CRP was similar for each race, and all tended to have a lower CKD-EPI as CRP levels increased. Thus, the interaction term, which tested for racial differences in the magnitude of effect on CKD-EPI as CRP levels rose, was not statistically significant.
Bland-Altman analyses
Bias, precision, and accuracy of the CKD-EPI determined values were compared to the actual serum/urine creatinine ratio (Ccr) in American participants in order to evaluate the reliability of the CKD-EPI index. Table 2 presents the means of the two calculations, the extent of bias, the standard deviation of the bias (precision), accuracies at the 10 and 30 % points, and the correlations between the calculations. The computed values were generally correlated, and the levels of precision were in a similar range. However, there was more bias evident for younger adults below 65 years of age, in males, white Americans, and among those with less inflammation. When considering the degree of accuracy within the 10 and 30 % range, the bias incurred by relying on a CKD-EPI value computed via the formula from just the serum creatinine was greater for white than African-Americans and for men as compared to women. Table 2 also shows the bias and accuracy when participants' IL-6 and CRP values were at the high and low end of the distribution.
Discussion
Our results concur with other reports indicating that agerelated declines in kidney function vary by gender, race, and nationality, with the largest age-related decrease occurring in African-American women. Despite clear race differences in the GFR, there were not sufficient numbers of participants at stage 4 or 5 to compare the variation in the prevalence of CKD. But that also indicates the observed differences in GFR were not due to inclusion of unequal numbers of participants with overt kidney disease. Fig. 3 Overall, when controlling for participant age, higher levels of IL-6 and CRP were associated with a lower CKD-EPI in both American and Japanese participants. With age included as a covariate, the specific effect for younger adults (portrayed in Fig. 2 ) was overridden by a stronger, general trend for decreased kidney function with low-grade inflammation Although others have reported that kidney disease is more common in African-Americans (Kramer et al. 2008) , the recruitment strategies may have lessened the likelihood that individuals with debilitating kidney disease or dependent on dialysis would have traveled to the clinical sites for evaluation. Similarly, there were no participants in the MIDJA project with a GFR indicative of stage 4 or 5 CKD. In the MIDUS sample, 6.5 % of participants had a GFR below 60, slightly lower than the 8.1 % reported for Americans by Coresh et al. (2003) . In the MIDJA sample, 8.1 % of participants had a GFR below 60, which is similar to the 10.6 % rate reported by Imai et al. (2009) . On the other end of the continuum, one of several notable race-related differences found in our surveys was a high number of younger AfricanAmerican adults with an elevated GFR, which could be classified as stage 3 CKD, a likely precursor of a later decline and ultimately kidney disease (Sud et al. 2014) .
Our results showed that both IL-6 and CRP are associated with GFR but in a biphasic manner depending upon the age of the participant. Low-grade inflammation tended to increase the GFR in adults below 49 years of age, but worsen the age-related decrement in older participants over 65 years of age. In the younger adults, the CKD-EPI values still remained in the functional range, even in the context of elevated IL-6. In old age, however, the CKD-EPI was markedly lower when IL-6 was high. This seemingly paradoxical relationship, based on participant age, was especially evident in the elevated GFR of young African-Americans, who also had the highest IL-6. The likely clinical consequences of inflammation as a risk factor for poor kidney function also became more evident with age in older African-Americans.
Future studies should determine whether a high CKD-EPI value in younger African-Americans is indicative of youthful vigor or if its coincidental occurrence with high IL-6 and CRP already reflects the onset of abnormal hyperfiltration, which then will progress to kidney dysfunction with age (Noone and Licht 2014) . The higher GFR in the younger African-American participants did not appear to be due specifically to hypertension, as their systolic BP did not differ significantly from the white Americans (b = 0.01, p = 0.07). In addition, systolic BP had been included as a covariate in the statistical modeling of kidney function. Rather, it seems more parsimonious to conclude that it is indicative of incipient hyperfiltration, which is an early warning sign of later kidney disease. As renal dysfunction progresses, the kidneys can then no longer compensate for glomerular injury, and hyperfiltration gives way to a reduced GFR. From a statistical perspective, the high GFR in younger African-Americans contributed to the significantly steeper age-related decline in kidney function.
Race also influenced the magnitude of the effect of IL-6 on the GFR. IL-6 had the largest effect on GFR in African-American and Japanese participants, even after 10 and 30 % accuracy is the number of CKD-EPI values that fall within 10 or 30 % of the Ccr values, respectively. For both IL-6 and CRP, the smaller total N is due to the focus on the upper and lower ends of the distribution controlling for the correlation between BMI and IL-6. The fact that African-Americans tend to have higher levels of IL-6 may make them more vulnerable to microalbuminuria or glomerulosclerosis (Kshiragar et al 2008) . The progression onto renal disease is also likely to be influenced by national and race differences in access to medical care. It should be mentioned that at later stages in disease progression, some beneficial effects of a larger inflammatory reaction have been reported. When on dialysis, African-Americans who evince more inflammation actually have a better survival rate from ESRD than white Americans (Crews et al. 2011 ). In our analyses, higher CRP levels were associated with a reduced GFR, but this effect was seen in all three racial groups. In contrast to this similar effect of elevated CRP in all races, one paper has reported a differential relationship, with a larger influence of high CRP in AfricanAmericans (Sinha et al. 2014) . Our results do confirm that CRP levels are significantly higher in AfricanAmericans than found in both white Americans and Japanese adults at all ages. Notwithstanding these important age-and racerelated findings, several limitations of our analyses should be acknowledged. Because the participants were derived from two studies designed to obtain representative surveys for each country, we did not selectively recruit participants with overt kidney disease. Thus, the results do not address the likely differences in the prevalence of ESRD. On the other hand, this recruitment approach had the benefit of minimizing the potential confounding effects of medications taken for chronic kidney disease. As mentioned earlier, our estimates of the prevalence of stage 3 CKD, based on a GFR below 60, were in keeping with other surveys in both countries (Coresh et al. 2003; Imai et al. 2009 ). It should also be acknowledged that it is difficult to entirely distinguish national and racial differences in kidney function from the influence of co-occurring differences in obesity and type 2 diabetes. Our modeling of the relationship between low-grade inflammation and GFR included several covariates, BMI, systolic blood pressure, and HA1c, but it is still likely that adiposity, poor glycemic control, and insulin resistance contributed to some of the race differences we found in kidney function. It is known that GFR can be affected by diabetes (Tsuda et al. 2014) . Our rationale for including HA1c as a covariate was because of the common occurrence of poor glycemic control in the African-American participants (37 %). Although this prevalence is notably high, and it is definitely a major public health concern, other papers have reported previously on the rising incidence of type 2 diabetes in older and overweight AfricanAmericans across the USA (Randall et al. 2004) . It is likely that racial disparities in access to quality health care and income differences contribute to these findings on the prevalence of type 2 diabetes and CKD in African-Americans (Marshall 2005) .
Finally, our comparisons of the CKD-EPI computation with Ccr values using Bland-Altman analyses (Bland and Altman 1986) revealed that the CKD-EPI formula actually performed better when kidney function was not as good. That is, the estimation was more accurate in participants over 65 years of age, in females, for African-Americans and in those with signs of lowgrade inflammation. Thus, the robustness of estimating GFR from just serum creatinine was better as kidney function declined with age. In contrast, it was less accurate in younger and healthier adults, especially among middle-aged men.
In summary, the current analyses highlight the extent to which kidney function declines with age. There is also a strong influence of race on this age-related decrease, and a biphasic relationship with low-grade inflammation, associated with an increased GFR in younger adults, and a decreased GFR in older adults. The utility of GFR as a biomarker and its sensitivity to inflammatory physiology has not been considered before in healthy adults. More typically, the clinical research has focused on patient populations already in need of hemodialysis or with chronic renal disease (Gupta et al. 2012; Pertosa et al. 2000) . The ability to assess kidney function via creatinine and other biochemical indices from blood and urine specimens provides a unique tool for evaluating population health and for those interested in discerning the causes of disparities in health. Kidney disease is not inevitable with age, and renal function in many individuals remains effective and resilient.
